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TECHNICAL NOTE 3892

PERFORMANCE OF 110-MILLIMETER-BORE M-1 TOOL STEEL BALL
BEARTNGS AT HIGH SPEEDS, LOADS, AND TEMPERATURES

By William J. Anderson

SUMMARY

Eleven 110-millimeter-bore ball thrust bearings made of M.l tool
steel were operated over a range of DN values (product of bearing bore in
mm times speed in rpm) from O. 4X106 to 1.54X10° at mean outer-race tem-
peratures to 678° F. Thrust loads were varied from 1000 to 7000 pounds,
radial loads from 1000 to 4900 pounds, oil flows from 6 to 18 pounds
per minute, and oil inlet temperatures fram 100° to 300° F. A synthetic
lubricant of the diester type was used to lubricate the test bearings,
which were equipped with either iron-silicon bronze, silver-plated iron-
slilicon bronze, or cast Inconel cages.

Eight of the eleven test bearings failed in fatigue. The life data
for the failed bearings, although not statlstically conclusive, indi-
cate that the fatigue life of the M-1 tool steel and diester lubricant
combination may be very much less than the life (based on catalog rat-
ings) for the SAE 52100 steel and mineral oil combination. The fatigue
failures were characterized by deep fissures running perpendicular to
the surface rather than the normelly shallow, horizontal pattern. Met-
allurgical examination of four of the failed bearings feiled to uncover
any inclusions or structural defects which might have caused the
failures.

Under conditions of continuous oll flow, lron-silicon bronze was
the best of the three cage materials tested. Both iron-silicon bronze
and silver-plated iron-silicon bronze showed negliglible wear under con-
ditlons of continuous oll flow, but the silver plate blistered on two
of the four silver-plated cages tested, indicating that i1t may be diffi-
cult to consistentLy obtaln a bond strong enough to withstand tempera-
tures much sbove 450° F. Cast Inconel with a preformed surface film of
nickel oxide is not satisfactory as a cage material for a beasring of
this type operating at high DN values and temperatures below 600° F,

In several oll-interruption tests no significant differences in the
time to failure were obtained in bearings equipped with iron-silicon
bronze and silver-plated iron-silicon bronze cages.
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INTRODUCTION

Higher flight speeds and higher engine power ocutputs have forced a
steady rise in turbojet-engine bearing temperatures. The maximum bear-
ing temperature in present engines is almost 500° F and will probably
reach 700° F in engines of the near future (refs. 1 and 2).

A satisfactory bearing race material must have adequate hardness
and dimensional stability over the complete range of operating tempera-
tures. It should have a fatigue strength at elevated temperatures com-
pareble to-that of SAE 52100 steel at room temperature and good frictlonal
properties with high-temperature cage materials. _§§E 52100 steel is used
in most present-day engines but is unsatisfactory at temperatures above
4500 F because of the lack of hardness and dimensional stability. The .
exlstence of—several high-speed tool steels with adequate hot hardness
led to their trial as high-temperature bearing meterials. However, little
is known about the fatigue properties of these steels so that much exper-
imental data must be accumulated before they can be properly evalusted.
Fatigue tests of 63039-size ball bearings made of-air-melt M-10 tool steel
(4 percent chromium, 8 percent molybdenum, 2 percent vanadium, and 0.9
percent carbon) are reported in reference 3. - -

The data of reference 3 indicate that alr-melt M-10 is inferior to
SAE 52100 regarding fatigue strength and that the cambination of high
temperature and MIL-L-7808 synthetic oll (ref. 4) lubrication results in
a further reduction in fatigue strength. Although the M-10 steel of ref-
erence 3 was metallurgically as clean as bearing-quality SAE 52100 steel,
increased fatigue strength may possibly be obtalned from vacuum-melting
and closer control of-the scrap used in M-10. Some fatigue data which
indicate that 140-millimeter thrust bearings made of Latrobe MV-1 steel
(4 percent chromium, 4 percent molybdenum, 1 percent vanadium, and 0.8
percent carbon) may have a greater capacity than similar bearings made
of SAE 52100 steel are given in reference 5.

The exact effect of temperature on the fatigue life of & bearing
meterial-lubricant combination cannot be evaluated with any certainty
except by experiment. From theory, increasing temperature should have
a detrimental effect on fatigue life because of the viscoslty effect.
Decreasing viscosity tends to lower fatigue life (ref. 5).

Much informetion remsins to be obtalned, not only on fatigue lives
of high-temperature steels but on the performance of various cage ma-
terials at high temperatures as well. The cage prcéblem can hardly be
expected to become less severe with increasing temperature because of the
deterioration in mechanical properties of cage materials and the fact
that lubricstion will undoubtedly become more marginal. This investiga-
tion was conducted to determine the operating chargcteristics of M-1 tool
steel (4 percent chromium, 8.5 percent molybdenum, 1 percent vanadium,
1.5 percent-tungsten, and 0.8 percent—tarbon) bearings with three
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different cage materials (iron-silicon bronze, silver-plated iron-~
sllicon bronze, and cast Inconel). The ranges of operating varlables
were: DN (product of bearing bore in mm and shaft speed in rpm),

0.4X106 to 1.54X106; outer-race mean temperatures to 678° F; thrust load,
1000 to 7000 pounds; radial load, 1000 to 4800 pounds; oll flow, 6 to 18
pounds per minute; and oil inlet temperatures, 100° to 300° F.

FROCEDURE

Detailed descriptions of the bearing rig, drive equipment, lubrica-
tion systems, test-bearing heaters, temperature measurement, and test
bearings are given in the appendix. The bearing test rig used in this
investigation was designed to provide a test vehicle in which actual
turbojet-engine bearing operating conditions could be duplicated. These
operating conditions involve high speeds, high temperatures, and (in the
case of the thrust bearing) high loads. A schematic drawing of the rig
is shown in figure 1. Radial load was applied by means of & 5-inch-
diameter piston and cylinder pressurized with oil and was transmitted
from the piston through & yoke to the two radial-load roller bearings in-
to the shaft. Thrust or axial load was applied by means of flexible
stainless-steel bellows which, when pressurized with oil, exerted a force
against a floating drum that transmitted the thrust load (essentially
without friction) to the shaft through one of the angular contact ball
bearings.

The lubricant was supplied to the test bearing through six nozzles,
three on each side of the bearing. Two 15-kilowatt induction heaters,
separately controlled, were used to heat the inner and outer races of the
test ‘bearing. Six thermocouples located in the test-bearing outer-race
housing and one on the shaft were used to measure test-bearing outer- and
inner-race temperastures.

All the test bearings were 222-size split inner-race ball bearings
equipped with one-plece imner-race riding cages. A schematic drawing of
‘e test bearing is shown in figure 2.

Tests Without Heat Addition

Before beilng subjected to operation with external heat addition,
several of the test bearings were run at a range of DN values, radial
and thrust loads, oll flows, and oil inlet temperatures to determine the
effects of these varisbles on thelr equilibrium running temperatures.
The ranges of controlled variables were generslly as follows: DN values,
0.4x10% to 1.325X106; radial loads, 1000 to 4900 pounds; thrust loads,
1000 to 7000 pounds; oil flows, 6 to 18 pounds per minute, and oil inlet
temperatures, 100° to 250° F.
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Test With Heat Addition

At the conclusion of the tests without heat addition, several of the
bearings were run at the range of oll flows and oil inlet temperatures
given in the previous section with 3.4-kilowatt heat flow to the outer-
race housing and somewhat less heat flow to the shaft. The exact heat
input to the shaft could not be determined. The power output of the
rectifier tubes was 3.5 to 4 kilowatts, and the power input to the shaft
was probably ebout half this value. . :

L72%

Followlng these tests, the test bearings were operated at mean outer-
race temperatures up to 678° F and inner-race temperstures up to 569° F.
The maximum outer-race temperature recorded was 838° ¥. For most of the
test bearings, little testing was done at mean outer-race temperatures
above 500° F because of recurrent failures of the outer-race heaters
(see appendix). After the resistance heaters had been discarded in favor
of an induction heater, no further trouble was enccuntered. The test
bearing could then be operated at meen outer-race temperatures up to
gbout 700° F which, at the DN values, loads, oll flows, and oil inlet
temperatures used, required the full cepacity of the outer-race heater.
In order to avold operating the test bearings without clearance, outer-
race temperatures were maintained somewhat higher than Ilnner-race tem-
peratures as explained in the next section.

RESULTS AND DISCUSSION
Tests Without Heat Addition

The effects of DN, thrust load, oil flow, and oll inlet tempera-
ture on the equillibrium operating temperature of the test bearings are
shown in figures 3 to 8. Figure 3 shows the effect of DN on test-
bearing outer-race mean tempersture. Over the range of DN values from
0.4X106 to 1.325x106, temperature increases at a rate slightly greater
than linear. Since bearing temperature is related to the heat generated
in e bearing, the bearing power loss could also be increasing with DN
at a rate slightly greater than linear. This agreés with the results
reported in reference 6 for 5-inch-bore angular contact bearings.

The effect of the thrust load on the test-bearing outer-race mean
temperature is shown in figure 4. Here again, the rate of increase of
tempergture (and, thus, heat generation) with thrust load is greater
than linear. The effect of thrust load on bearing temperature 1ls -quite
strong as can be seen that for bearing 1008 the temperature rise above
the oill inlet temperature increased from 101° F at a thrust load of 3000 -
pounds to 139° F at a thrust load of—7000 pounds.
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The lower part of figure 5 shows the effect of oil flow on test-
bearing outer-race mean temperature with no heat addition. A consider-
able increase in oll flow 1s needed to effect & significant reduction in
bearing temperature. However, this decrease in bearing temperature is
obtained at the expense of a greater heat load on the oil system. As
shown in the lower part of figure 8, the drop in bearing temperature was
accampanied by an Increase in power rejected to the oil.

The effect of oll inlet temperature on test-bearing outer-race mean
temperature without heat addition is shown in figure 7. Increasing the
olil inlet temperature results, of course, in an Incresse in bearing tem-
perature; however, the heat load on the oil system decreases (lower part,
fig. 8). Thus, at & penalty of an increase in bearing temperature, the
oll-system heat load was decreased.

Tests With Heat Addition

The upper part of figure 5 shows the effect of oil flow on test-
bearing outer-race mean temperature with the heat addition tebulated on
the figure. The rate of decrease of bearing temperature with increasing
oil flow is less for the case wlith heat addition than for the case with-
out heat addition. In contrast to this, the upper part of figure 6 in-
dicates that this increase in oil flow will result in an increase in the
power rejected to the oill.

The upper parts of figures 7 and 8 show the effect of olil inlet tem-
perature on bearing outer-race mean temperature and on the power rejected
to the oll with the heat addition shown tebulated on the figures. These
effects are simlilar to those obtained without heat addition.

Fatigue Fallures

The results of the fatlgue tests are summarized in table I. A total
of elght bearings failed in fatigue, photographs of some of these fail-
ures are shown in figure 9. Six bearings had spalled inner races, one a
spalled outer race, and one a spalled outer race and four spalled balls.
The basic dynamic cepacity of a similar bearing of SAE 52100 steel was
calculated using the standard AFBMA method (ref. 7) and found to be
30,800 pounds. Using this capacity and the bearing manufacturer's cata-
log, a theoretical life at each load and speed condition was calculated.
Use of this data together with the running tlmes at each condition en-
abled calculation of & "life fraction.” This life fraction (given in
table I) is the fraction of the rating life of a similar SAE 52100 steel
bearing that has been consumed In these tests. None of the failed com-
ponents survived g life fraction of more than 0,395,
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Although & sample size of eight bearings is not sufficient to yield
statistically significant resuvlts, a Welbull plot of the elght fallures
is shown in figure 10 with life fraction instead of life as the abscissa.
In this figure Johnson's median ranks (ref. 8) were used to plot the
ordinates. Figure 10 shows that the expected life fraction with 90~
percent survival for these bearings would be about 0.16. These bearings
lubricated with MIL-L-7808 would then have a load capaclty (for equal
life) of 54 percent(ref. 7) of-that of a similar SAE 52100 steel bear-
ing lubricated with a mineral oil. These data cannot be considered con-
clusive because of the small number of bearlngs that failed, but they
probably indicate a trend. The total running time and the temperature-
time schedule are also shown in table I. The tempersture-time schedule
is a breakdown of the running time in flve mean outer-race temperature
ranges: (1) below 300° F, (2) 300° to 399° F, (3) 400° to 499° F, (4)
500° to 599° F, and (5) above 600° F. Although temperature does not
enter into the life calculation, it probebly does affect life through
its effect on lubricative effectiveness and material properties.

The fatigue failures obtained were somewhat different from those
usually obtalned. Ordinarily, fatigue failures develop from cracks that
originate slightly below the surface and propagate to the surface pro-
ducing a spall. The spalled area is usually very shallow compared with
its dimensions parallel to the surface. In this investigation, however,
it was noted that several of the failures had deep cracks or fissures
running approximately normal to the surface. A typical example of this
type of failure is shown in figure 11. The photograph shows a section
parallel to the bearlng face through an inner-race spall on bearing 100l.
The causes of thils peculiar failure characteristic are not yet known.

Metallurgical ekaminations of four of the failed bearings were made.
No evidence could be found to explain the origin of any of the fallures
except in the case of & ball failure in bearing 1007, which originated
at a smell slag streak. However, the magnitude of the falilures was such
that minute inclusions could easily have been lost in the spalled ma-
terial. The results of the metallurgical examination (table II) showed
that the materisl cleanliness, hardness, carbide segregation, and struc-
ture were within the limits allowed for SAE 52100 bearings. Other
factors may be responsible for the early fatigue falilures obtained for
this material-lubricant combination. Perhaps more stringent—metallurgl-
cal tolerances must be imposed on tool steels. Elther or both the tool
steel and lubricant could be responsible for the deficient fatigue life.
The date of reference 3 seem to indicate that it mey be a combination of
a poorer materisl and a poorer lubricant. In reference 3, M-10 tool
steel showed a decrease in fatigue life from thatof SAE 52100 steel
when lubricated with & mineral-oil grease and showed & further decrease
in fatigue life when lubricated with a synthetic lubricant of the
diester type. _
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The pressure-viscosity characteristics of the lubricant may also
play a significant role. In reference 9 poor ball-bearing fatigue life
was obtained using several combustion-resistant hydraulic fluids as lu-~
bricants. The fact that these synthetic fluids have poor pressure-
viscosity characteristics may have been partly responsible for the poor
bearing fatigue lives obtained. Dorr (ref. 10) determined the effect of
the lubricant in the contact zone for the two~dimensional case (line con-
tact). The presence of a lubricant with good pressure-~viscosity charac-
teristics can gppreciebly lower the maximum compressive stress in the
contact area. Since the life of a bearing varies inversely as the ninth
power of the meximum stress, small decreases in stress mean large gains
in life. Much research, not only on the fatigue life of tool steels but
on the effect of lubricant type on fatigue life, remains to be done.

The pertinent properties of these lubricents must also be obtained be-
fore & conclusive analysis can be made.

A disturbing characteristic of the test results is the fact that
several of the ball tracks and fatigue failures were low on the races,
indicating & contact angle of about 15° rather than the design value of
20° to 26°. A subsequent bench test of the unmounted contact angle of
an unused bearing showed that it was between 19° and 20°, so that the
low-running contact angle resulted from test conditions and was not due
to a manufacturing error. In a bearing of this type & low-running con-
tact angle may result from a radial prelcad or from operatlion under an
external load that is almost purely radial. The latter case could de-
velop only as a result of a malfunction of the thrust-load device and
was quickly eliminated as a possible cause when the thrust-load device
was found to be functionlng properly. It was determined experimentally
that the radial preload had developed under certaln test conditions be-
cause of unequal expansion of the inner and outer races. The outer race
and its housing were restrained fram expanding freely by the relatively
cold framework in which they were held, while the inner race expanded
freely to the point where the radiasl clearance was reduced to zero.

An experimental investigatlion wes made to determine the operating
temperatures under which radial preload existed. Dial indicators were
set up to show the vertical position of the shaft on either side of the
test bearing. With the shaft stationary, the radial-load device and
both the inner- and outer-race heaters were turned on. With the outer-
race meen temperature minus the inner-race temperature (hereinafter
called AT) held constant, the shaft movement at the test bearing under
& reversed radial load of 1000 pounds was determined as a function of
outer~race tempersture. Three curves of shaft radial movement ageinst
outer-race temperature were determined at AT wvalues of -50°, 09, and
50° F. The intersection of each of these curves with the theoretical
shaft radial movement at zero bearing radial clearance gave three outer-
race temperatures at which the bearing radial clearance became zero.
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These three "zero clearance' temperstures were then plotted against AT
to define the region of operating conditions that-will produce radial
preload. The resulting curve is shown in figure 12. To avoid radial
preload, testing must be done at increasingly large AT values as the
bearing outer-race mean temperature is increased. At a bearing outer-
race mean tempersture of 550° F, the outer-race mean temperature must be
at least 50° F higher than the inner-race temperature to avold radial
preloads. Since the curve of figure 12 resulted from a static investiga-
tion, it does not include the effect of inner-race expansion due to rota-
tion. This will serve to reduce operating clearances further and make
the AT wvalues required to avolid radial prelcad larger.

By using the curve of figure 12 and the original data sheets for
each bearing, it was determined that bearings 1001, 1002, 1003, 1004,
1006, and 1008 had been operated for a portion of their test time with
slight radial preload. These times are as follows:

Bearing | Total Running
running | time with
time, preload,

hr hr
1001 35,9 1.4
1002 50.0 )
1003 50.1 7.6
1004 18.9 .9
10086 13.5 3.4
1008 55.6 9.7

In addition, the extent of the preload at each running condition was
determined qualitatively by the position of the point when plotted on
figure 12. None of the temperature conditions to which the previously
mentioned bearings were subjected resulted in more than a slight preload.
Since the bearings which were not preloaded did not exhibit longer fatlgue
lives than the bearings which were preloaded, it is concluded that the
operation under preloaed did not significantly affect the fatligue results.

Performance of Cage Materials

A summary of the test-bearing cage-material performance data is
given in table I. Two bearings were tested with iron-silicon bronze
cages, four with silver-plated iron-silicon bronze cages (bearings 1002
and. 1013 had the same cage), and four with cast Inconel cages. One of
the cast Inconel cages was oxlde coated by heating in air at 1200° F, two
were oxide costed by immersion in molten sodium hydroxide, and one wes
left untreated. Iron-silicon bronze was the best cage material tested.
In bearing 1001 practically no cage wear was evident. In bearing 1009
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some 15 hours running time was accumulated at temperatures of 501° to
678° F without the cage incurring any apprecisble wear. During several
oll~interruption tests, which cumulatively consumed 17 minutes and 22
seconds running time (table III), severe wear of the cage and extremely
severe wear of both the inner and outer races occurred. The depth of
wear on the cage inslde and outslide diameters was less than 1/64 inch,
but the cage wore the inmner and outer races to uniform depths of 7/64
and 1/16 inch, respectively, over the surfaces contacting the cage. A
photograph of the cage of bearing 1009 is shown in Pigure 13(a). The
inner race of bearing 1009 is shown in figure 9 and the outer race in
figure 14.

The silver-plated cages showed very little wesr under continuous oil
flow conditions but on two of these cages the silver plate flaked and
blistered. The same cage was used in bearings 1002 and 1013 and was run
for over 100 hours, almost 50 of which were at temperatures over 540°C F,
without Incurring any appreciable wear. The silver plate on the cage of
bearing 1008 flaked badly on one face and one side of the inside diameter
(fig. lS(b)). The cage of bearing 1013 was subjected to a much higher
temperature without the silver plate failing, but the cage used in bear-
ing 1005A, which was run gt outer-race mean temperatures over 501° F for
about 28 hours, showed some signs of blistering on its faces. Wear was
very low on the inside dlameter and no signs of failure of the silver
rlate were found. The results of the tests of the silver-plated cages
indicate that it might be difficult to obtain a bond between the silver
and base metal good enough to withstand temperatures sbove 450° F.

Cest Inconel cages were used in bearings 1004, 1005, 1006, and 1007.
In reference 1l & tenfold reduction in wear of Inconel specimens sliding
against tool steel was accomplished by preforming a nickel oxide coating
on the Inconel specimen. Accordingly, three of the four Inconel cages
tested herein were oxide coated, while the fourth was left uncoated for

comparison purposes.

It 1s difficult to determine how well the cage of bearing 1007 per-
formed because of the damage which resulted from the outer-race and ball
fatigue failures. The cage fractured ln several places because of the
high loads imposed by the balls after the fatligue failure. Some wear was
evident on the cage inside diameter and on the inner-race cage locating
diemeter (fig. 13(c)). Severe wear was evident in the sides of some of
the ball pockets, indicating that large axial forces between the balls
and cage had developed as a result of the fatigue spalls. The worn areas
on the cage had broken through the oxide film to expose relatively clean
metal. The cages of bearings 1008 (oxide coated by chemical means) and
1004 (untreated) sustained severe wear in relatively short running times.
The cage locatlng surfaces on the inner races of these bearings were
also severly worn and galled. A photograph of the cage of bearing 1006
is shown in figure 13(d). Note the galled area resulting from a surface
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weld in the ball pocket. No significent surface damage on the balls was

noted. Testing of bearing 1005 was stopped after 3% hours to observe

cage wear. The cage, which had been oxide coated by heating in air at
1200° F, had begun to wear on the cage inside dlameter (fig. 13(e)).
Many small surface welds were distributed over the wear area. Figure
13(f) shows a macrophotograph of a typical galled area. Even in this
short running time the oxlde coating had been worn through, indicating
that the life of the oxide coating under these operating conditions is
very short. As soon as the surface oxide film is removed, high wear and
widespread surface damege result. It 1s therefore imperative that the
nickel oxide film be reformed as 1t is worn away if Inconel is to be &
sgtisfactory cage material. Inconel might prove to be satisfactory at
temperatures in the region of 1000° F, depending strongly on whether the
rate of reformation of nickel oxide was sufficient to keep the surface
film intact. Cast Inconel proved to be a satisfactory cage materisl for
20-millimeter-bore ball bearin~s operating at 1000° F (refi-lz). How-
ever, cast Inconel with a prefurmed surface film of nickel oxide cannot
be consildered a satisfactory cage material for bearings of this type op-
ereting at high DN values and at temperatures below 600° F. This agrees
qualitatively with the results obtained in reference 1l.

Oil-Interruption Tests

In addition to bearing 1008, bearings 100SA and 1013 were subjected
to oll-interruption tests in order to determine the time to failure after
oil interruption. A summary of the oll-interruption test date is given
in table III. Breaking of a shear pin, which occurred at about-250 per-
cent of normal drive torque, constituted failure of the test bearing.

Bearing 1005A survived for 5 minutes and 23 seconds under conditions
almost identical to thogse under which bearing 1009 survived for 1 minute
and 48 seconds. However, bearing 1013 survived only 36 seconds under
similar operating conditions, so that the silver plete does not seem to
be benefilcial in prolonging the time to failure during an interruption
in oil flow. However, 1t is more effective than iron-silicon bronze in
reducing the wear of the mating surfaces on the races. From the charac-
ter of the cage wear in bearings 1005A and 1013 (photographs of these
cages are shown in figs. 13(g) and (h), respectively) it appears that the
silver at the cage locating surface acted as a lubricant. In these fig-
ures the light areas at which the arrows are pointing are thin smears of
silver on the bronze base metal. Since the wear depth is many times the
original thickness of the sllver plate, silver was picked up by the inner
race and smeared on the cage inside diemeter as 1t wore. The appearance
of these silver smears indicates that some silver at the cage locating
surface may have beccme molten during the oil interruption. If this is
80, interface temperatures of at least 1760° F were_present during oil
interruption. -
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Tests 1, 2, and 3 of bearing 1009 indicate that initial intermal
bearing clearance (changed by varying AT) may be important (table ITI).
Tests 4, 5, and 7 of bearing 1009 indicate that survival time 1s decreased
with increasing DN.

It was observed that in the first few seconds after an oil interrup-
tion, the drive motor power decreased slightly while bearing temperstures
remained essentislly constant. The momentary decrease in drive motor
power is caused by the fact that a copious supply of oll is no longer
being churned and sheared within the bearing.  Throughout most of the
period between the oil interruption and the failure, the drive motor power
remalns at or slightly below the normal running value. Just before fail-
ure occurs there 1s a sharp rise In both the drive motor power and in
bearing temperatures. These tests were designed to simulate the condi-
tions In an engine so a constant amount of heat was fed into the outer-
race housing end the shaft during the oll interruption. After the oil
interruption, the heat that is ordinarily removed by the oll from the
bearing and its immedlate enviromment remains to produce & rise in bear-
ing temperaure. Since the outer race cannot expand as freely as the
balls or the inner race, complete loss of clearance and seizure result.

The damagé incurred in each test did not seem to influence the time
to failure in succeeding tests. The shear pin stopped the test in time
to prevent surface demage on the balls and ball tracks so that the only
damage incurred was in the form of cage and inner-race wesr.

SUMMARY OF RESULTS

An experimentsl investigation was conducted to determine the per-
formance characteristics of 110-millimeter-bore ball thrust bearings op-
eragted over a range of DN values from 0.4X106 to 1. 54X106 at bearing
temperatures to 678° F, thrust loads of 1000 to 7000 pounds and raedial
loads of 1000 to 43900 pounds. Bearing races and balls were made of M-1
tool steel while cages were made of iron-silicon bronze, silver-plated
iron-slilicon bronze, and cast Inconel. A synthetic lubricant of the
diester type at inlet temperatures of 100° to 300° F and at flow rates
of 6 to 18 pounds per minute was used to lubricate the test bearings.
The following results were obtained:

1. Eight of the eleven test bearings failed in fatigue. Although
the life data for the failed bearings are not extensive enough to be
statistically conclusive, they indicate that the fatigue life of the M-1
tool steel-dlester lubricent combination may be very much less than the
life (based on catalog ratings) of the SAE 52100 steel-minersl oil combi-
nation. A plot of these data gave a value of 0.16 for the ratio of life
(with 90-percent probabillity of survival) of the M-1 tool steel-diester
lubricant combination to that for a SAE 52100 steel-mineral oil combina-
tion. The fatigue failures were unusual in that they were characterized
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by deep filssures running normal to the surface. Normally spslled areas
are very shallow in appearance. Inclusion ratings were within the limits
specified for SAE 52100 steel in the four bearings examined.

2. Under conditions of continuous oll flow, ilron-silicon bronze was
the best of the three cage materials tested. Both iron-silicon bronze
and silver-plated iron-silicon bronze showed negligible wear under con-
diticns of continuous oil flow, but the silver plate blistered on two of
the four silver-plated cages tested. Although one of the silver-plated
cages showed no signs of blistering after 100 hourg of running (almost
50 of which were at temperatures over 540° F), it may be difficult to -
conslstently obtaln a bond strong enough to wilthstand temperatures sbove
450° F. Cast Inconel with a surface film of nickel oxide preformed as
it was in these experiments 1s not satisfactory as a cage material for a
bearing of this type operating at high DN values and temperatures below
800° F, Experimental evidence indicates that the life of the nickel ox-
ide surface film was very short under these operating conditions, and
extensive wear and surface damage of both the cage eand its locating race
occurred after the film was worn away.

3. In several oll-interruptlion tests no significant differences in
the time to failure were obtained with bearings equipped with iron-
silicon bronze and silver-plated iron-silicon bronze cages. The iron-
silicon bronze cage caused severe wear of the tool steel races, whereas
the silver plate effectively reduced wear by acting as a lubricant at —
the cage locating surface.

4, In a sgeries of tests conducted without externsl hest addition it
was found that:

(a) Bearing temperature increased at a rate slightly greater
than linear wlth either increasing DN or increasing thrust load,
other variables beilng held constant.

(b) An increase in oil flow effected a drop in bearing temper-
ature and an increase in the oll system heat load. -

(c) Increasing the oil inlet temperature decreased the oll
system heat load at a penalty of a rise 1n bearing temperatures.

S. With 3.35 kllowatts of heat fed into the outer-race housing and
from 3.5 to 4 kilowatts fed into the inner-race coil, oil flow and oil
inlet temperature affected bearing tempersture and oil system heat load
in about the same way they did without external heat addition.

Lewis Fllight Propulsion laborstory
Nationsl Advisory Committee for Aeronautics
Cleveland, Ohio, October 10, 1956

L2y
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APPENDIX - APPARATUS
Bearing Rig

A schematic drawing of the rig is shown in figure 1. As stated pre-
viously, radiasl load was applied by means of & S-inch-diameter piston
and cylinder that was pressurized with oil and was itransmitted from the
piston through a yoke to the two radial-load roller bearings into the
shaft. Approximately half the piston force was teken by the test bear-
ing and helf by the roller bearing in the right housing. Either the
cylinder chamber sbove or that below the piston could be pressurized to
reverse the direction of the radial load. Thrust, or axial load, was
applied by means of flexible stainless-steel bellows which, when pres-
surized with olil, exerted a force against a flocating drum that trans-
mitted the thrust load (essentially without friction) to the shaft through
one of the angular contact ball bearings. The drum floated in an ex-
ternally pressurized oll bearing. The directlon of the thrust load was
determined by whichever bellows was pressurized. Both the thrust and
radial loads could be cycled automatically at any desired time interval
from 15 seconds to 15 minutes.

Although all the test bearings whose performences are reported here-~
in were 222-size (110-mm bore) ball bearings, shafts and housings were
also available to test 219- (95-mm bore), 226~ (130-mm bore) and 126-
{130-mm bore) size bearings.

Drive Equipment

The high~speed drive equipment consists of an 80-horsepower direct-
current motor coupled to & 7 to 1 ratio speed increaser. (A 50-hp motor
would have been ample.) The high-speed shaft of the speed increaser was
connected to the test shaft with & floating spline coupling. The low-
speed. coupling between the drive motor and the speed increaser was fitted
with a shear pin to prevent damage to the test rig. The maximum possible
speed of the test shaft was 30,000 rpm, and an electronic speed controller
was used to control the speed to within x2 percent.

Lubrication Systems

Test-bearing lubrication system. - The test-bearing lubrication
system was of the circulating type. In addition to a positive displace-
ment pump, the system conteined a remotely controlled pressure regulstor
for controlling flow, a 29.5-kilowatt oll heater, an oill cooler, a mixing
valve with an autamatic controller for maintaining a set oll inlet tem-
rerature, sultable pressure gages, & full flow filter, and a scavenge
pump for returning scavenge oil to the main sump.
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Lubricant at 100° to 300° P was supplied to the test bearing through
0.065-inch-diameter nozzles. Three nozzles, spaced 120° apart, were on
each side of the test bearing, with one group of three staggered 60° with
respect to the second group.

A synthetic lubricant of the diester type (which met the MIL-L-7808
specification except for low-temperature viscosity) was used to lubricate
the test bearings. It hed a viscosity of 20.5 centistokes at 100° F and
5.2 centistokes at 210° F.

Support bearing lubrication and hydraulic oll system. ~ This system
was also of the circulating type. A positive-displacement pump supplied
oll to the center and rear support bearings through preset hand valves in
the lines leading to these bearings. A 1500-pound-per-square-inch piston
pump wes used to supply high-pressure oll for the radial-load piston, the
thrust-load bellows, and the hydrostatic bearing. The pressure in each
one of these elements was controlled by hydraulic pressure regulators.
The scavenge oll from the support beerings and the bleed oll from the
load devices and hydrostatic bearing were collected and pumped back to
the main sump by a scavenge pump. An oll cooler, & sump heater, and
sulitable pressure gages, including precision gages for measuring the
pressure in the radial-load plston and thrust-load bellows, were in-
cluded in the system. Two four-way solenold valves operated by automatic
timing devices were installed in the lines leading to the two thrust-
load bellows and to the upper and lower chambers of the radial-load cyl-
inder to enable the thrust and radial loads to be cycled.

All the support bearings were lubricated with an SAE 30 minersl oil
introduced at about 80° F, The two roller bearings in the center hous~
ing recelved a total of 20 pounds per minute of oil, while the three
support bearings in the rear housing received a total of 15 pounds per
minute. The hand valves in the oll lines to these two sets ofbearings
were calibrated before the test and preset to give the above oil flows.

Test-Bearing Heaters

Two separately controlled test-bearing heaters were used to ensble
the heat flows to the immer and outer races to be varied independently.
The inner-race heater was a 15-kilowatt induction heater which supplied
heat to the shaft through a coil located in the shaft cavity at the test
bearing (fig. 1). This induction heater wes an electronic type of
400,000 cycles per second. A stationary thermocouple located very close
to the surface of the shaft near the test bearing was used to provide the
signal for the inner-race induction heater controller. The controller
setting was adJusted until the desired test-bearing inner-race tempera-
ture was obtained. The controller maintained this temperature by turning
the heater on and off.

WA A¢
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Initially, resistance heaters were used to heat the test-bearing
outer race. Nichrome wires insulsted by ceramic beads were wound in the
outer-race housing grooves. This system was abandoned because adequate
power could not be dissipated to the housing without incurring burnouts
of the heating elements. Tubuler commercisl resistance heaters were
tried next, but heater burnouts continued despite efforts to improve
heat transfer using, first, sluminum shims wedged between the heater
tubes and the groove walls, and later by casting the tubular heaters in
the grooves with molten aluminum. Casting eliminated burnouts, but only
two heaters of 6.7-kilowatt total capacity could be wound in the gvail-
able groove space. ©Since this heat input was insufficient to provide an
average test-bearing outer-race temperature greater than 550° F under the
most severe operating conditions investigated, an induction heater was
installed. A second 15-kilowatt induction heater, employing & motor
generator set to generate 10,000-cycle-per-second frequency for heating,
was installed. The heating unit consisted of seven turns of l/4-inch-
dlameter copper tubing insulated with fiberglaess sleeving and wound in
the outer-race housing grooves. Cooling water was circulated through
the colls, In the initial trials of this heater, the test-bearing hous-
ing buckled because of the high stresses caused by the restraint of the
relatively cool surrounding fremework. A new housing, which could ex-
pand in both the axial and circumferential directlons, was designed.
This housing-heater cambinatlon has been very successful, and no further
trouble has been experienced.

Temperature Measurement

Six iron-constantan thermocouples were located at 60° intervals
around the outer-race periphery of the test bearing at its axlal center-
line. The thermocouples were embedded in the outer-race housing flush
with the housing bore and made contact with the outer-race outside dian-
eter (fig. 2). Five iron-constantan thermocouples were located on the
shaft, three on the outside diameter and two on the surface of the induc-
tion heater coil cavity. Those on the outside dismeter were located in
line 3/4 inch gpart with the center one at the axial centerline of the
test bearing. These were embedded in the shaft metal at the surface.

The electromotive forces generated by the rotating thermocouples were
taken fram the shaft through copper slip rings and copper brushes (ref.
13) located on the rear side of the speed increaser as shown in Tigure 1.
A steam box provided a constant temperature atmosphere for all dissimilar
metallic Jjunctions. Temperatures of rotating thermocouples were read by
energizing a solenoid which brought the brushes into contact with the
slip rings for the period of time required to determine temperatures.
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Test Bearings

All the test bearings were 222-size split inner-race ball bearings
equipped with one-pilece immer-race riding cages (fig. 2). The over-all
dimensions of the test bearings were: bore, 110 millimeters; outer
diameter, 200 millimeters; and width, 38 millimeters. The nominal no-
load contact angle of these bearings was 20° to 26°. The outer-race
curvature (ratio of groove radius to ball diemeter) was 52 percent;
inner-race curvature, 5L.5 percent. Races and balls were made of AISI
M-1 tool steel hardened to Rockwell-C hardness valiies of 62 to 65. The
capacity of the test bearings was calculated using the AFBMA method (ref.
7) and was found to be 30,600 pounds. :

Cage materials used were iron-silicon bronze (2.5 to 4 percent sil-
icon, 1.0 to 2.0 percent iron, 1.5 to 4.0 percent zinc, 1.0 percent man-
ganese, and the remalnder copper), sllver-plated iron-silicon bronze
(0.001 plate), and both untreated and oxide-coated cast Inconel. The
oxide coatings on the cast Inconel cages were applied either by heating
in an alr atmosphere at 1200° F for 4 hours and air-cooling or by im-
mersing the cage in molten sodium hydroxide for 52 hours (table I). The
temperature of the sodium hydroxide was kept slightly above its melting
point (604° F). '
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TABLE I."

- TEST-BEARING FATIGUE AND

NACA TN 3892

CAGE WEAR DATA

Cage wear remarkc

Test Cu%: Total} Life Temperature, °F Fatigue remarks

bear-] material | run- | frac-

ing ning | tiom Cuter race Inner

time, race
hr Hean ax, .
1001 on= 35.% |0.277 | 183-299] 165-500| 163-287 Iour spalled areas rlnglr.‘ in size Light wear.
- |siliacn . 518-394{ 586-418| 237 to 3/0 x 1/4 in. on 'xoe el
bronze 400-468/ 432~ 332-473 path, Bn.'l path and nmm Tow in
B507-527| 802-645| 493-588 groove.
1002 | Bilver- 50.0 |0.396 | 167-298|168-299|188-278 One fatigue orack about 3/8 in. long | Yery Little wear.
300-597] 503-419 | 293-388 aocross lrmer-raoce ball path. Crac
400-457| 480-520 [ 585455 and ball path low in groove.
1003 60.1 |Q,579 | 188-292| 170-358 |164-305 One fatigue crack adbout 5/10 in. l.wns Very light cage wear.
507-390| 542-419 | 288-409 across inmer-race ball path. Crack B
406-491} 419-536 | 325-428 and dall path low in groove.
810 563 435

1004 [Cast 16.9 [0.121 | 166-299{1&67-310|164-266 Wo fatigue failure. Operation and motor torque high from start.

noonel 501-592 | 504-416 CR:B Lnlid. dlameter and inner-race outside
- 402-485| 410-820 N diacetar sustsained severs wear.
de 515-556| 544-580 N

coated)

1005 t 3.5 |0.018 | 185-289 lgs-m 151-277 Ho fatigue fallure. Test 8 ed to cbserve first evidende of wear
Inoonel 3L 3 278 at oage locating surface. Welds evident on cage
oxide " and ruce. Oxide eomtirg on csge worn
cated & through in spote.
by heat- .

at

S
ia atr
and air-
oooling)

1008 |8ilver- 58.6 |0.395 288 [160-300 | 141-288 Two epalled areas, 1/52 and 3/32 1\:. Light wear at & DN of 1.275x10%, ofl rlows of 7-10
Enod 314-398 516408 | 264403 in dlameter on cuter-race bal 1b/min, and mean outer-race \;ouz{nwre- up to 4799 F,

o= 400-492[412-51¢ |208-426 (Ball path and flakings low gr_oove. At D of 1.34 to 1.54x10°, oi ow of 7 lb/min, oil
silioon B17-521554-538 |220-328 inlet tamperature of 2 °'F, and me. oubnr-rnnl Som-
bronze raturs of 4819 to 524 P, lunr pht.o ed at
1@-@1 dimu r. eilver flakes deposited
o x-un
1006 (Cast 13.5 [0.096 |162-295]163-296 [152-269 Mo fatigue fallure. Severs wear of cage inslde diameter and inne:
onel 318-381}320-386 [294-420 outsida dianeter. Inoipient surface uo!.dln; uv‘ldlnl:
de 411 390 1n osgd packet wear areas, but no purface damage o
ooated balls.
by chem- -
oaans ) -

1007 |Cast 9.2 |0.088 | 361-380]{362-398 |505-3 One spalled aree about 4% 1n. long Fatigue failure of cuter race necessltated ltogpin.
Inoonel £07-441 [420-484 |352-350 - teat., Multiple rrut.ura of cage precipitated by
(oxide in outer-race ball path. Pour balls | outer-race spall. Cage inside Alameter worn wi
coated spalled, each with ome spalled area evidenas of surfese welding. Oxide ocating on cage
by ohem- ng from 3/32 in. in diam. to wora over scme of cage inside dismeter.
feal X 8/52 in. s -
means )

1009 |Iron- 31.7 [0.208 |260-205)285-280 |324~330 Two spalled areas, 9/52 x 1/18 in. c-g wesr 1ight up to oll-interruption tests. Oil-
Bllicon 315-366|320-396 [312-470 and 3/18 x 6 in. Ani ion tests ocaused severs wear of ocage and
branze 410-494 | 428-50 =559 fatigue craol aoross mm--nee severe wedr of ilnnar and outer races.

501-593 | 522-68! 0-508 fball path. Dcyf.h we on ong inside and cutside dimmeters
B0Z-876 | 766-838 |480-550 lass t on inner race was 7/64 in.
aod o eut.ar rnea, 1/16 in. Initially inner-race
'.l.euta( cage became outer-race loaated after wearing
» rgoe until 1t sontacted the outer rmae, Ratlo
. of welght loss of races to that of cage was 7.
100SA [Silver~ 55.1 |0.2%8 |161-278)163-289 |183-202 Two spalled areas, 1/16 and 3/16 annn -vﬂ.danc- aof blistering of silver puu on li.dn
phtad 551 340 540 in. in diameter on ilnner-race ball Wear tefore oil-interruptl
41B-460 | £25-494 (388-420 B, > Th taon, test skused oage in drameter,
nl.l!.oon $01-594 | 839-878 |5T4-507 to wu;- -BeVer l1 t. thicimens o ﬂm pllto, but
bronze 679-686 |450-49¢ f.here (TR TERY omzd-ﬂbla silver szesred on the
silver probably came from the ball
pookﬂ Dlate exposed as the inside diameter wore.
21013 |3ilver- 50.8 |Outer |4B2 472 405 One spalled area, 11% in. olroum- ~ Yo ov(doncl of blistering of silver plate on cage.
ﬂ‘ntsd race, |540-599)|897-887 [379-405 fereutially and /18 in. axiall GQage wynr before oll-interruption tast was low. Wear
- 0.704 | 800-655 |680-718 [375-466 IaLar—race Dall path. ¥ due to oll-interruption test very similar to that of
silioon Immer B . bearing 1005K. Vn-nuh dapoc its on all surfaces showed
bronse race, & crack network s o ohina orasing or brittle
. lacquer cracking.
Balls,

8 bearing was sssenbled using the outar race of bearing 1002, the balls from baaring 1008, and the
h'ut.lum ‘or the varicus bearirg parta.

inner rase from an unused bearing.

L3z

Thus the different life
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TABIE II. -~ IEST-BEARING FATIGUE-FAILURE EXAMINATION
Eb&ta obtained from a commercilel source]

Z68% NI VOVN

Bear-|Falled Inclusion ratings Frac-|Average |Carbide |Struc- Remarks
ing |[compo- ture |hardness,|segrega-|ture
nent Thin series Heavy series |size }Rockwell [tion
C-
Al B C|DIElF G H
100l |Inner (0|1.0 [1l.5|1.5|0|0 1.25/1.0] sl 64.8 |Moderate|Good |Ball path and flakings
race a low in groove
1003 |Inner [0O|1.25(0 |1.5|0|0 0 0 8 64.6 |Moderate|Good |Fatigue crack acroass
race ball path sbout
5/16 in. long
1007 |Outer |O|1.5 |0 |1.5|0|1.25|0 0 (a) bsg.7 8light [Good
race to
65.0
Ball |- [-===|-==|~==|-|~mmn| ~m=a | = ]| === B4t [~-momeen ————
Ball Satisfactory (a) BL.B |=mmmmm- Good
Ball Setisfactory (a) 85.2 |=m-mome- Good
Ball Satisfectory (a) 66.0 [~mmmmene Good
1008 (OQubter |O|1.5 |0 |2.0/0|0 0] 0 (a) 63.2 |8light |[Good |Ball path and flaklngs

race Llow in groove

®Within specified limits.
blow hardness ettributed to localized decarb on side surface.

6T



TABLE III. - OIL~INTERRUPTION TEST CORDITTIONS

Bear-|Test DN Load 0i1 |01l Outer- [Inner- |Mean Time to
ing |order flow, [inlet |race |race |cuter-race failure
Thrust|Redial| 1b |temp.,|mean [temp., |temp. - (a)
min tewp., Op Inner-race
O temp.,
AT,
OF
1009 1 [1.27x108| 5000 | 1000 | 10 246 411 316 95 1 Min, 48 sec
2 |(1.27 246 326 326 0 1 Min
3 11.27 256 461 330 131 2 Min, 25 gec
4 .389 247 469 315 154 5 Min, 54 sec
5 « 785 247 467 319 148 2 Min, 8 sec
6 . 785 247 467 307 160 2 Min, 6 sec
7 |1L.09 | 247 464 316 148 2 Min, 1 sec
1005a| 1 (1.27x106| 5000 | 1000 | 10 | 262 | 444 | 348 96 5 Min, 23 gec
2 |1.27 5000 | 1000 | 10 259 441 362 79 2 Min, 22 sec
1013 | 1 [1.27%106( 5000 | 1000 | 7 | 268 | 449 | 335 114 36 sec

Sallure is defined ag the breaking of a shear pin that occurred at about 250 percent
of normal drive torque.
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Flgure 1, - High~temperature bearing test rig.
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Figure 2. ~ Schematlc drawing of test bearing.
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Figure 3. - Effect of DN value on mean outer-race temper-
ature of test besrings with no external heat added.
Redisl load, 1000 pounds; thrust load, 5000 pounds; oil
flow, 10 pounds per minute; and oil inlet tewperature,
1500 F.
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Bearing outer-race mean temperature, OF

NACA TN 3892
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Flgure 4., - Effect of thrust load on mean outer-race
tempereature of test bearings with no extermal hest
added. DN, 1.27X106; radial load, 1000 pounds;

oil flow, 10 pounds per minute; and oill iniet tem-

perature, 150° F,
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Bearing outer-race mean temperature, OF
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Figure 5. - Effect of oil flow on mean outer-race temperature of test
bearings with and without external heat added. DN, 1.27x106; radial
load, 1000 pounds; thrust load, 5000 pounds; and oil. inlet tempera-

ture, 150° F.
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Power rejected to oil, hp
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Figure 7. - Bffect of oil inlet temperature on .
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Figure 9. - Fatlgue spalls and creacks on test bearings.
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1329

Bearing 1008 : Bearing 1013 )

‘Bearing 1009 *

Figure 9. - Concluded. Fatlgue spalls and cracks on test bearings.
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Figure 10. - Weibull plot of eight fatigue feilures obtained in M-1
tool steel test bearings.
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Figure 1ll. - Section through lmner-race fatlgue spall of bearing 100L

parallel to bearing face. X40.
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Figure 12. - Test-bearing outer-race mean tem-

perature at which zero bearing radial clear-
ence exists as function of difference in outer-
and inner-race temperatures. Determined
experimentally with bearing 1009.
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(a) Bearing 1009. Cage wear re- (b) Beasring 1008. On this cage sil-
sulting from several oll- ver plate broke_down and came off
interruption tests. in large flakes on one side.

C-43110

(¢) Bearing 1007. Cage wear and fractures resulting from
fatigue spalls..

Figure 13. - Tesi-bearing cage wear characteristics.
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(d) Bearing 1006. Cage locating surface and pocket wear. Note surface
weld in pocket.

(e) Bearing 1005. (£) Bearing 1005. Cage inside diameter showing
incipient surface weld. X15.

Figure 13. - Continued. Test-bearing cage wear characteristics.
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- o C-42238

(g) Bearing 100SA. Cage locating surface and pocket wear resulting from
an oil-interruption test. ' ’ |

Figure 13. Continued. Test-~bearing cage wear characteristics.
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(h) Bearing 1013.

Figure 13. - Concluded. ' Test-bearing cage wear characteristics.

37



"SA 'pleid Lo1duw] ~ YOVN

C-4£196T

FPigure 14. - Outer race of bearing 1009 showlng wear resulting from cage contact
during oil-interruption tests.

1519

Z68¢ NIL VOVN




